The high resolution of microwave Fourier transform spectroscopy was used to investigate the 35 chlorine hyperfine structure of 1,2-and 1,3-dichlorobenzene, C 6 H 4 35 C1 2 , very accurately in the rotational spectrum of their ground vibrational state. The careful analysis with a new evaluation program also yielded the off-diagonal element of the coupling tensor. The tensor elements are X aa --41.1153 (35) 
Introduction
The microwave spectrum of 1,2-dichlorobenzene (1,2-DCB) was first measured and assigned by Onda et al. [1] . They determined the quadrupole coupling constants x a a , Xbb, and Xcc by an analysis of the envelope of the hyperfine (hfs) pattern and discussed the molecular structure, which was reinvestigated by Onda et al. [2, 3] analysing the spectra of six monodeuterated l,2-DCB-3d and -4d. They found the two C-Cl bonds to be bent outward from each other by about 1° with respect to an 120° CCC1 angle. The orientation of the principal coupling tensor axes g = x,y,z was assumed with the help of a comparison with values of X XX , X YY , an< i XZZ 1,3-DCB. Onda et al. also investigated the rotational spectrum of 1,3-DCB for the first time [4] , Their purpose was to obtain information about the planarity of the molecule and the Cl-Cl distance. The 35 Cl-hfs was observed but not analysed. A later investigation [5] of some Q-branch transitions allowed a rough determination of the coupling constants. It followed a partial r 0 structure based on the spectra of monodeuterated isotopomers [2] and a complete molecular structure based on the data of different techniques [6] . The purpose of our investigation is to improve the accuracy of the coupling constants by analysis of highly resolved spectra and to determine the off-diagonal coupling tensor element Reprint requests to Prof. Dr. H. Dreizler, Institut für Physikalische Chemie der Universität Kiel, Olshausenstr. 40, D-2300 Kiel, FRG.
Xa b • So the orientation of the coupling tensor and its principal coupling elements can be determined without assumptions.
Experimental
We purchased 1,2-and 1,3-DCB from Aldrich, Steinheim, and used it without further purification. First measurements were made with waveguide microwave Fourier transform (MWFT) spectrometers in X-(8-12.4 GHz), Ku-(12.4-18 GHz), and K-band (18-26.4 GHz) [7] [8] [9] . These measurements were supplemented with our pulsed molecular beam (MB) MWFT spectrometer in two versions [10] .
The waveguide spectra were recorded at temperatures of -10 °C (1,2-DCB) and -15 to -30 °C (1,3-DCB) and pressures from 2 to 5 mTorr (0.3 to 0.7 Pa) and 1 to 2.5 mTorr (0.15 to 0.35 Pa), respectively. The MB spectra were made with a stagnation pressure of about 200 to 400 Torr (2.7 • 10 4 to 5.4 • 10 4 Pa) and about 1% substance in argon.
To eliminate overlap effects [11] the frequencies of transitions in the waveguide MWFT spectra were determined by a least squares fit of the time domain signal [12] .
The line frequencies of the MB spectra were taken without additional treatment. These MB measurements were especially useful and necessary as the cooling effect eliminates spectra of excited vibrational states and high J transitions. So the patterns were Table 2 . Measured rotational transition frequencies of 1,3-dichlorobenzene. Explanation of symbols see Table 1 . cleared for overlaying lines and could be interpreted without ambiguity. In addition the accuracy of the frequencies increased. With this method complicated double resonance experiments could be avoided. The measured frequencies are given in Table 1 for  1,2-DCB and Table 2 for 1,3-DCB.
The waveguide MWFT spectra are very crowded and the intensities are generally low.
So for 1,3-DCB as an example 1 R-branch and 6 Q-branch transitions with J quantum numbers ranging from 12 to 20 could be recorded. They were insensitive to % ab . With the MB MWFT measurements 1 Q-branch and 6 R-branch transitions could be assigned and resolved with J ranging from 3 to 6. Three of these transitions contain information on % ab .
For 1,2-DCB the measurements revealed that some lines are split, which were calculated as singlets by a first order perturbation treatment (without y ab ). Figure 1 gives an example.
So the higher resolution urged for a more detailed analysis.
Analysis
One of us, I. Merke, wrote a program which sets up the Hamiltonian in a coupled basis. The coupling scheme / 1 +1 2 = I, I + J = F is used. The Hamiltonian is based on considerations in [13] . Its matrix representation is diagonal in F. So F submatrices are diagonalized. The program Q2DIG runs on the CRAY X-MP 216. Limitations on computer memory and time forced us to fit only transitions with low J values. Fit parameters are x aa , x cc , and x ab and the hypothetical unsplit line frequencies or alternatively the rotational constants A, B, C and the fourth order centrifugal distortion constants according to Watson's S-reduction.
We fitted the rotational and centrifugal distortion constants according to Watson's A-reduction in the /'-representation with the program ZFAP4 [14] to all measured transitions. The centrifugal distortion constants are not well determined, but it was not our aim to determine them and their inclusion in the fit improves the reproduction of the spectra with the fitted constants.
The results are given in Table 3 . It was possible to reproduce all measured hyperfine components within the measurement uncertainties.
Since the axis perpendicular to the molecular plane is a principal axis of inertia and coupling tensor (c-and y-axis respectively), the knowledge of x ab allows the calculation of the angle 0, a between the z-principal axis of the coupling tensor and the a-principal axis of the inertia tensor and the x gg , Q -x,y, z, coupling elements in the principal axis system of the coupling tensor. For the axes systems see Fig. 2 and 3 . The calculation is according to [15] . The results are also given in Table 3 . For 1,2-DCB it should be noted, that a comparison with the structure [2] indicates that the z-axis of the coupling tensor is tilted by 1.5° with system (a, b) . The x-and z-axes are principal axes of the quadrupole coupling tensor. The z-axis coincidices with the C-Cl bond axis. respect to the C-Cl bond direction. This supports the hypothesis of a bent bond between the carbon and chlorine. For 1,3-DCB the tilt angle is below 0.01°.
Discussion
In Table 4 we give a comparison of investigated 35 C1 principal axis coupling constants of chlorobenzenes. They vary in a range of 6% for x Z z an d 10% f°r X yy , which is independent from a rotation transition. Most values differ beyond the standard error limits.
To compare the results with the quantum chemical theory we made ab initio calculations with the Gaussian 86 program (G86) [16] using the experimental structures of the dichlorobenzenes [3, 6] and chlorobenzene [2] , We included chlorobenzene [17] in our calculations to see which effects occur due to the second chlorine atom in the dichlorobenzenes. Because of the limited computer memory we chose the relatively small 6-31 G* basis set [18] and did not take electron correlation into account. To get an impression of the quality of this basis set used for the calculation of the electric field gradients g gg . (g, g' = a, b, c or x, y, z), we calculated an average scale factor f from all / =X 9g (exp)/g 99 .(G86), which correlates the measured x gg ' with the calculated electric field gradients. With an ideal basis set / would be the same for all molecules and gg' combinations. As can be seen from Table 4 , this averaged scale factor / allows to reproduce our experimental x gg • within 7%.
The calculation of the angle 0 za (G86) between the z-axis of the quadrupole coupling tensor and the a-axis of the principal inertia system of the molecules is independent of a scale factor. For 1,3-DCB the z-axis of the experimentally derived quadrupole tensor coincides with the C-Cl bond direction. This coincidence is also the result of our quantum chemical calculations (see Table 4 ). In 1,2-DCB we found from the spectral analysis that the z-axis of the quadrupole tensor is tilted 1.5° out of C-Cl internuclear axis, which supports the hypothesis of a bent bond. The quantum chemical calculations were done with the experimental structure, which has an angle of 30.9° between the C-Cl internuclear axis and the a-axis. The calculated value for 0, a (G86) is 32.1°. This corresponds to a tilt angle of 1.2° and a prediction of a bent bond, which is in reasonable agreement with the experiment. Perhaps the inclusion of electron correlation can still improve the calculations.
